Abstract: Whereas arc magmas typically undergo early degassing-induced crystallization and viscous stagnation at mid-crustal levels, hotter and less hydrous melts that are associated with elevated surface heat flux may experience delayed crystallization at shallower levels. Using MELTS modelling, we demonstrate here that high-Mg andesites, which have been regarded as particularly hydrous primary melts generated in equilibrium with mantle peridotite, can form by crystal fractionation from low-H 2 O primitive arc basalts in the upper crust. This is consistent with many characteristics previously attributed to their primary origin, including forsteritic olivines that contain chromite inclusions and lack significant reaction rims, and Cr-rich pyroxenes.
High-Mg andesites (MgO . 6 wt% and SiO 2 . 54 wt% (Wood & Turner 2009)) , and high Mg-number and primitive andesites (Mgnumber . 0.5 and SiO 2 . 54 wt% (Kelemen et al. 2003a) ), here collectively referred to as HMA, typically contain a phenocryst assemblage of forsteritic olivines, Cr-rich orthopyroxene and/or clinopyroxene, in variable proportions, although aphyric and monomineralic cases have also been reported (e.g. Tatsumi & Ishizaka 1982) . Large plagioclase crystals are generally absent. These observations have in the past been used as evidence that such rocks represent primary magmas in equilibrium with mantle peridotite (e.g. Tatsumi & Ishizaka 1981) . Furthermore, several experimental studies have indicated that HMA saturated in olivine may be generated by partial melting of peridotites at low pressures and high H 2 O contents (e.g. Tatsumi 1981; Baker et al. 1994; Wood & Turner 2009 ). Alternatively, it has been suggested (e.g. Kelemen et al. 2003a ) that many HMA reflect interaction of partial melt of subducted eclogite with the mantle wedge, noting that their steep REE patterns (e.g. La/Yb . 9 in adakitic HMA) are indicative of having formed in equilibrium with residual garnet. Although petrographic textures provide evidence that some HMA are affected by crustal-level magma mixing and potential uptake of mafic cumulates (Streck et al. 2007a) , the ability of these processes to generate primitive HMA has been questioned on the basis of isotope data and remains controversial (e.g. Kelemen & Yogodzinski 2007; Streck et al. 2007b) .
Background
Constraints on HMA petrogenetic pressures are sparse. Thermobarometric methods are hampered by mineral melt disequilibria present in many HMA. Experimental work undertaken to emulate liquid lines of descent employed a limited range of intensive parameters (e.g. Tatsumi 1981 Tatsumi , 1982 Baker et al. 1994; Grove et al. 2002) , and it is difficult to evaluate whether this work, which assumed that HMA are generated by partial melting of wet peridotite, has any bearing on the generation of natural HMA compositions. One avenue to constrain the pressure of magma evolution is to study H 2 O contents in melt inclusions. Using this approach, Humphreys et al. (2006) estimated the maximum magma pressure at Shiveluch volcano, which has produced some HMA, to be 1.6 kbar, suggesting that crystallization took place within the upper crust.
There are also no direct observational constraints on the initial H 2 O content of HMA. Experimental work on Setouchi HMA has shown that if these rocks are generated by partial melting of wet peridotite in the upper mantle, minimum water contents are c. 7 wt% (Tatsumi 1982) , although at upper mantle pressures the solubility of water in these compositions is significantly higher (16-18 wt%) (Tatsumi 1981) . Grove et al. (2005) have used experimental constraints on amphibole stability and composition to show that H 2 O-saturated parental primitive magnesian andesites at Mt. Shasta would be expected to contain 12-15 wt% H 2 O. However, olivine-hosted melt inclusions from Shasta HMA do not yield extraordinarily high H 2 O contents (Anderson 1979; Ruscitto & Wallace 2009 ) compared with arc segments that do not erupt HMA compositions (e.g. Sisson & Layne 1993) .
Recently, the occurrence of a number of Holocene adakitic rocks was shown to be associated with elevated surface heat flux, related to unusually shallow ponding levels of less hydrous magmas in the upper crust (Zellmer 2009 ). Strikingly, many of these rocks, including samples from the Cascades (Shasta, Lassen) and Kamchatka (e.g. Shiveluch), are HMA, and this is the motivation for the present study.
Methods
We have explored through MELTS modelling (Ghiorso & Sack 1995; Smith & Asimow 2005) whether HMA may be formed by differentiation from primitive arc basalts at upper crustal levels as a result of iron oxide depletion by spinel-structured oxide fractionation. Amongst the most primitive island-arc basalts (IAB) are the high-Mg basalts of Unalaska Island of the eastern Aleutian archipelago. High-Mg basaltic lavas erupted from the Makushin volcanic field have up to 11 wt% MgO with Mgnumber ranging from 67 to 71, and are considered to represent primary mantle derived magmas (Gust & Perfit 1987) . Using sample MK7 of Gust & Perfit (1987) as starting composition (with assumed P 2 O 5 and Cr 2 O 3 contents of 0.12 wt% and 0.09 wt%, respectively), we modelled its geothermodynamic evolution at various pressures (10, 5 and 1 kbar), water contents (4, 2 and 0.5%) and oxygen fugacities (NNO, NNO + 1, and NNO + 2, where NNO is nickel-nickel oxide buffer) in an attempt to determine whether HMA can be generated by crustal level differentiation from such primitive island-arc basalts.
Results
MELTS modelling indicates that HMA cannot be produced by differentiation at high pressure (>5 kbar) or low to moderate fO 2 (NNO, NNO + 1) (see Fig. 1 ). Conversely, conditions with lower pressure (1 kbar), corresponding lower H 2 O content (0.5% to less than 2.7%, i.e. H 2 O undersaturated), and higher fO 2 (NNO + 2) are suitable for generating HMA melts (see Fig. 2 ). Modelled MELTS trends with a range in initial H 2 O contents broadly encompass major oxide data from Shiveluch volcano (not plotted) under the pressure and oxygen fugacity conditions determined there (1.6 kbar, NNO + 1.9) (Dirksen et al. 2006; Humphreys et al. 2006) , indicating that MELTS is reliable in reproducing natural melt compositions under these conditions. Figure 3 provides a sensitivity test for oxygen fugacity on modelled differentiation trends, and shows that HMA may be generated by fractional crystallization at NNO + 2 AE 1 log 10 unit. The model predicts fractionation of about 7% spinel-structured oxides, 5% olivine (Fo 93-91 ), 30% clinopyroxene (En 46-48 Fs 11-12 Wo 41-42 ), 15% plagioclase (An 76-63 ), and 3% orthopyroxene (En 85-86 ), to yield a magmatic composition of typical Aleutian HMA, with a liquidus phase assemblage of spinel, clinopyroxene, AE orthopyroxene, AE feldspar (see Table 1 ). Early fractionation of a small amount of spinel-structured oxides is the key to the formation of HMA, as it causes an increase in SiO 2 and associated depletion of iron oxides with minimal effect on the remaining major elements, producing HMA melts with c. 57.3 wt% SiO 2 , c. 5.3 wt% MgO, and Mg-number of c. 66 (Table  2) .
Higher MgO contents observed in some natural HMA can be produced if fractional crystallization is not perfect. We have modelled (see Fig. 2 ) one imperfect crystal fractionation scenario using the following approach: all crystallizing phases are initially retained within the melt until crystal content reaches 15%. From then onwards, crystals are fractionated in the proportions in which they have formed since the onset of crystallization. In nature, preferential uptake of some phases over others may occur, depending on local conditions. For example, the compositions of Shasta high-Mg andesites with .8 wt% MgO are reproduced by our fractionation model if pre-eruptive uptake of crystals is limited to clinopyroxene (,20%) and olivine (c. 5%), although this solution may not be unique and other phase combinations and proportions may also be possible. Variable uptake of previously fractionated crystals may be the reason for some of the observed variability in HMA mineralogy and geochemistry.
Using appropriate partition coefficients for the predicated mineral compositions and proportions of the 0.5 wt% H 2 O case, we have also modelled the geochemical evolution of the differentiating melt for a range of trace elements (see Table 2 for details). Fractionation of some plagioclase does little to stem the steady increase of Sr, Ba and Eu in the melt. The model yields slightly light REE-enriched compositions with very minor Eu anomalies (see Table 2 and Fig. 2f ). The small amount of spinelstructured oxide fractionation does not exert a strong control on transition metal concentrations (Sc, Ti, V; see Table 2 ), with the exception of Cr, which becomes rapidly depleted in the melt. However, Cr depletion results from prefect fractional crystallization; in nature, some Cr-rich spinel may remain in contact with the melt and buffer Cr concentrations. For example chromite inclusions in olivine crystals of some HMA (e.g. Maillet et al. 1986; Monzier et al. 1993) suggest that chromite is saturated in primitive melts, and experimental work on high-Mg basaltic andesites in equilibrium with chromite has shown that melt Cr 2 O 3 contents will be buffered at slightly below 0.04 wt% under the temperature and oxygen fugacity conditions applicable here (see Barnes 1986, fig. 4 ).
Discussion

Redox conditions
To assess whether redox conditions amenable to early spinel fractionation may be applicable to the petrogenesis of natural HMA, we have evaluated oxygen fugacities from published whole-rock Fe 2 O 3 /FeO ratios in the Aleutians, the Setouchi Volcanic Belt, and at Shasta in the southern Cascades (Fig. 4) . Although post-eruptive oxidation processes may elevate wholerock fO 2 by 1-2 log 10 units (Christie et al. 1986 ) and are probably responsible for some of the scatter to the highest fO 2 values in Figure 4 , the bulk of the data extend to well above their peak at NNO + 2, indicating that such redox conditions may not be uncommon in arc magmas, particularly during shallow-level evolution in the oxidized upper crust. Oxygen fugacities in excess of NNO + 1 have also been estimated from chromite and Fe-Ti oxide compositions (e.g. Grove et al. 2005) , and through studies of S in melt inclusions (Ruscitto & Wallace 2009 ).
Olivine in intermediate melts
Olivine saturation in andesitic magmas requires enrichment in monovalent cations (H 2 O, Na 2 O, K 2 O; e.g. Kushiro 1975 ). As HMA are not particularly alkaline (see Fig. 2a ), the occurrence of olivine crystals with little or no evident reaction texture has thus previously been attributed to H 2 O saturation (e.g. Tatsumi 1981; Baker et al. 1994; Grove et al. 2005) . However, melt inclusions from HMA olivines do not yield higher H 2 O contents than those in other calc-alkaline andesites (Anderson 1979; Ruscitto & Wallace 2009 ). Furthermore, in the case of Setouchi, HMA do not contain hydrous phenocryst phases, implying that magmas were H 2 O undersaturated, and thus that Setouchi olivines are not in equilibrium with their andesitic host. Reaction of olivines with silicic melts is known to progress rapidly (c. 3 ìm 2 h À1 ) at 950-1050 8C, or faster at higher temperatures (Coombs & Gardner 2004) . On the basis of our findings, we suggest that early spinel removal from basaltic melts generates andesitic melts and that uptake of olivine and pyroxene may occur at the onset of eruption, leaving insufficient time for significant reaction rim formation. Entrainment of olivine grown from basaltic parental melts is supported by the low alumina contents of some Cr-spinel inclusions (( 20 wt%), which imply very low (,14 wt%) parental melt alumina contents common in some basalts (see Kamenetsky et al. 2001) . HMA typically have alumina contents that are higher than this, ranging from 14 to 19 wt% (see Fig. 2c ).
Other HMA features explained by crystal fractionation
Another observation that was previously used (Tatsumi & Ishizaka 1981) to suggest that HMA are primary mantle melts is the high Cr 2 O 3 content of orthopyroxene crystals (up to 0.75 wt%, similar to values observed in mantle lherzolite). However, because of the high Cr partition coefficient of orthopyroxene in evolved melts at 1130 8C and NNO + 2 (K D . 20) (see Barnes 1986, fig. 8 ), the observed Cr 2 O 3 contents in orthopyroxene are consistent with HMA generation through shallow-level crystal fractionation processes. Thus, features expected from our fractionation model include chromite inclusions in forsteritic Kelemen et al. (2003b) ; Setouchi samples with published ferric and ferrous iron oxide concentrations from GEOROC (http://georoc.mpch-mainz.gwdg.de); Mt. Shasta from Baker et al. (1994) and Grove et al. (2002 Grove et al. ( , 2005 . MELTS fractionation models of primitive high-Mg basaltic composition MK7 are given at oxygen fugacities, pressures, and initial H 2 O contents of 0.5 wt% (i.e. undersaturated) and 4 wt% (i.e. saturated at 1 kbar, undersaturated at 10 kbar). Tick marks at 20% intervals represent percentage of crystallization. Models clearly do not reproduce HMA compositions. olivine crystals that may display thin orthopyroxene reaction rims, Cr-rich orthopyroxenes, rare Fe oxide inclusions in mafic minerals, and relatively low dissolved H 2 O contents within magmas that ponded in the shallow crust. Fe-Ti oxides have, for example, been reported in HMA from the southern New Hebrides island arc (Maillet et al. 1986) , and rare ilmenites occur in low Mg-number orthopyroxenes at Mount Shasta, which Streck (pers. comm.) interpreted to be derived from dacitic Kelemen et al. (2003b) . Modelled ranges are based on fractionation of phases in the proportions predicted by MELTS and take into account a range of applicable partition coefficients taken from GERM. mixing endmembers. In addition, a small (c. 3 wt%) but distinct silica gap between magnesian basaltic andesites and HMA is observed at Shasta (see Figs 1 and 2 ), as would be predicted for the case of early spinel fractionation.
Our modelled HMA yield a relatively flat REE pattern without significant anomalies, and are similar in REE abundance to samples from Setouchi. They clearly do not reproduce the steeper REE pattern displayed by some Aleutian samples (Fig. 2f) , which either reflects the effect of residual garnet in the source (Kelemen et al. 2003a) or may be due to early differentiation within the lower crust (e.g. Alonso-Perez et al. 2009 ). The separation of processes that imprint heavy REE depletion from those that result in HMA compositions is inherent in the shallow fractionation model of HMA petrogenesis presented here, and is consistent with the observation that not all HMA display residual garnet signatures.
Concluding remarks
The potential for HMA genesis under shallow crustal pressures and correspondingly low H 2 O contents makes it possible to link these compositions to the recently identified elevated surface heat flux in some areas of modern HMA magmatism. Magma emplacement depths are thought to be strongly controlled by the amount of dissolved H 2 O as magmas leave their source region, with hotter and less hydrous magmas expected to be emplaced at shallower levels in the crust than cooler and wetter magmas, resulting in elevated surface heat flux (Zellmer 2009 ). Therefore, we suggest that under the oxidizing conditions prevalent at arcs, basaltic magmas with relatively low initial H 2 O contents will evolve to HMA at shallower pressures. Somewhat lower initial H 2 O contents may be the result of introduction of less hydrous, Kelemen et al., 2003a,b) . † MELTS and trace element modelling. ‡ Fifteen per cent consanguineous crystals retained in the melt. § In natural systems with chromite, Cr 2 O 3 will probably be buffered just below 0.04 wt%.
sub-slab asthenospheric mantle into the melting region, as, for example, evident from geophysical data in the southern Cascades, the western Aleutians and northern Kamchatka, where some modern HMA have erupted (see Zellmer 2009 ). Thus, although we do not dispute that there may be considerable variations in the origin of HMA as reflected by their variable petrographic, geochemical and isotopic features, and that some HMA may be close to primary, shallow-level crystal fractionation from primitive island arc basalts is consistent with many petrographic and geochemical features, and with the peculiar location of a number of modern HMA within their current tectonic setting. Therefore, crustal differentiation processes cannot be ignored as being potentially important in HMA petrogenesis. Fig. 4 . Oxygen fugacities of whole-rock samples as calculated from published ferric and ferrous iron oxide concentrations (determined by conventional wet chemistry; see references in Fig. 1) , following the parameterization of Kress & Carmichael (1991) with T 0 ¼ 1400 K (Kress, pers. comm.) . These values may overestimate pre-eruptive fO 2 conditions as a result of syn-and post-eruptive oxidation by up to 2 log 10 units (Christie et al. 1986 ).
